ABSTRACT. The picosecond thermal response of a normal octadecanethiol self-assembled monolayer on a gold surface was studied using pump-probe, broadband-infrared, background-suppressed and vibrational sum frequency generation spectroscopy. The
Introduction
This paper describes the use of femtosecond-laser irradiation on a metal surface to examine the real-time response of self-assembled monolayers (SAMs) on a metal surface. [1] The pulse energy is received mainly by electrons due to their smaller heat capacity relative to phonons (two temperature model) [2, 3] . The hot electrons in a thin metal film reaches 1000s K within the pulse duration and dissipates the excess energy to phonons in few ps, if not the hot electrons diffuse outside of the irradiated area by themselves. [2, 3] The subsequent heat diffusion to a supporting substrate takes longer than few ns. [4] In characterizing the internal state of the adsorbate, we used multiplex, vibration-resonant sum frequency generation (SFG) spectroscopy (Fig 1a) . [5] Previously, the same methods were used to investigate the disorder of a monolayer structure by observing the terminal C-H stretching fundamentals of normalalkylthiol SAMs. [4, [6] [7] [8] However, this disordering dynamics has not been analyzed in detail, in spite of the fact that SFG spectroscopy is widely used for obtaining molecular orientations or order parameters of interfaces. [9] [10] [11] One reason for this may be stochastic processes of molecular conformations that develop between the two laser pulses of broadband infrared SFG.
It is an assumption of molecular orientation motions being significantly slower than the optical processes (slow limit) that a static ensemble average of molecular dipole and polarizability orientations in relation to the probe electric fields or direct cosines represents vibrational SFG polarization. [12, 13] The vibrational SFG polarization is described by a dipole-polarizability response function in time domain. [14] However, to the best of our knowledge, only a few studies have discussed the time-correlation effects of the molecular orientations in the response function. [15] In this study, we performed a quantitative study on the intensity kinetics of the doubly degenerate C-H asymmetric modes (a) of the terminal methyl group in an noctadecanethiol (ODT) SAM [16] and explained the behavior as its torsional motions, apart from the well-known kinetics of the symmetric mode (s). [17] 
Materials and Methods
The apparatus used for time-resolved SFG spectroscopy was similar to that previously reported ( Fig. 1(a) ). [4, 6, 18] A femtosecond Ti:sapphire pulse-laser (~1.5 W, 1 kHz) was used as the light source. The probe was composed of broadband mid-infrared (IR, 3.4 μm, 200 fs, FWHM 300 cm -1 ) and narrowband "visible" (vis, 800 nm, ~1.5 ps, FWHM 7 cm -1 ) pulses, the beam paths of which were focused and crossed on the SAM at a 60° angle in pp polarization combinations. We used a background suppression technique which eliminates the non-resonant component of the SFG signal originating from the gold (Au) surface ( Fig. 1(b) ). [14, 18, 19] The vis pulse was delayed "" from IR pulse, until only the resonant transition of IR remained the coherence between ground and excited states. [15] A spectrometer and charge-coupled device were used to detect the SFG signal without the selection of polarizations. The pump pulse (pump, 800 nm, ~160 fs) was incident from the underside of the metal layers to avoid direct excitation of the monolayer ( Fig. 1 (a) ). The vis pulse was delayed by 0.7 ps () after the IR pulse. Spectra without the pump pulse, pump, were also recorded at every delay time (t) and scan as a reference or negative control. The pump pulse energy was maximized such that the reference SFG intensity and spectral shape were unchanged during the experiment. The phonon temperature increase T was ~15 K, estimated from the transient Drude reflectance from the Au surface and the s SFG intensity change, [20] as described elsewhere. [14] We newly measured the reflection spectra from a temperature-controlled clean Au surface and prepared a calibration curve between the reflectance change and T, while the former temperature evaluation was based on the assumption that the visual damage threshold is Au melting temperature (1337 K). [4, 6, 14, 18] This is because excitation at 400 nm pulse showed a higher reflectivity at the damage threshold intensity. 
Results
A steady SFG spectrum is shown in Fig. 2 (a). All three peaks, evident at first glance, originated from the terminal methyl group due to the quasi-inversion symmetry of methylene pairs; [4, 6, 18] (from short to long wavelength) C-H asymmetric stretching a, Fermi's resonance F, and C-H symmetric stretching s. We detected the absolute square of the second order electrosusceptibility (2) multiplied by the infrared probe pulse (IR) spectral shape g(IR): [17] 
where the first term inside the parentheses is the non-resonant component of 2 from the Au surface with real-number amplitude (ANR) and phase (NR). The second term is the sum of all resonant components of 2. These line shapes are Lorenz functions of amplitude (An) and width (n), [21] because the vis time profile was shaped in an exponentially decreasing function for maximal overlap of the longer lived vibrational response of the molecule. [19] It is known that the background suppression technique modifies each phase n in the SFG spectral function depending on its frequency IR. [14, 22] However, these phase modulations were straightforward, when the non-resonant component was negligible [11] 
where k is an arbitrary integer. Fresnel factors did not alter the phases [11] when we assumed that only one element (zzz) of 2 has a significant contribution to the SFG signal. We applied this constraint to eq. 1 and optimized the parameters via the least square regression method ( Fig. 2(a-b) ). Two solutions fit the spectra equally well (Fig. 2(c-d) ). Comparing the retrieved relative sign information on resonant amplitudes (An) for the first and second solutions ( Fig. 2(e) and (f), respectively) with that ( Fig. 2(g) ) for the standard SFG spectrum ( Fig. 2 (h)) with n = 0 and NR = /2, we concluded that the second solution was correct. We also found that another resonance peak on the longer wavelength side from the s peak was necessary to reproduce the spectral shapes, which corresponded to the methylene C-H symmetric stretching mode (CH2). [4] In kinetic analyses, the phases (n, n = 1, 2, 3), IR spectral shape (g(IR)), and CH2
parameters (A4, , and 4) were constrained to be identical at all time-steps (global fit; see Fig.   3a ). We interpreted the area (∝ | | 2 ⁄ ) of the corresponding absolute-square Lorentzian term in eq. 1 as the intensities, assuming that vis pulse duration was significantly shorter than the vibrational dephasing rate. The s intensity decreased by 21±1% (standard deviation) from the initial intensities (t ≦ -2 ps), assuming double exponential kinetics starting from t = 0:
The faster time constant agreed with the previous report investigating a larger T, considering that the standard vibrational SFG signal is a heterodyne detection with non-resonant background from gold as a local oscillator: [4] 5.2 ± 0.7 (standard deviation) and 79±48 ps ( Fig. 3(b) ). The decrease (13±1%) in the a intensity also agreed with the previously time-resolved spectra ( Fig. 3(c) ). where and r is the zenith angle between methyl C3v symmetry axis and normal to the metal surface (Fig. 4a inset) and depolarization ratio ( ′ ′ ′ / ′ ′ ′ , (x′, y′, z′) are molecular coordinates) for the s mode, respectively. Although the xxz, xzx, and zxx elements are also expected to contribute to the SFG signal in the case of our polarization combinations (ppp), the x element of the visible probe intensity is 5 and 0.3 percent of the z element at our incident angles, since the complex index of refraction for gold is ca. 0.18+i5.1 and 2.0+i21 at 800 nm and 3.4 m in room temperature, respectively. [25, 26] This ratio is not modulated significantly by a temperature increase of T from room temperature (e.g. -0.006 percent at 800 nm). [27] When the average  value is not far away (0 to 55°) from room-temperature equilibrium, [4] these equations indicate that a intensity should increases when s intensity decreases and vice versa, if the distribution of  is negligible. A simultaneous decrease of the s and a intensities was previously explained by trans-to-gauche isomerization around C-C bonds (dihedral angles), which increases the deviation of  values. [9, 24] Our flash heating excitation is different from the shockwave experiments in that the external perturbation does not involve anisotropic volume change in picosecond time scale. According to a non-equilibrium molecular dynamics simulation, the standard deviation increase of the zenith angle  standard deviation was 4° (16° to 20°) for a hexadecanthiol SAM, while the average  value also increased 6° (38° to 44°) monotonically for the first 100 ps after the flash heating of a gold thin layer from 300 to 1073 K (ca. 80 percent of gold melting temperature). [7, 8] These changes of the distribution cause -27 and +3.0 percent modifications in the SFG intensities of s and a modes, respectively. It is possible that we observed a larger deviation change in our experiment. As the author pointed out, the potential between gold and sulfate atoms might have a room for improvement.
Actually, ODT SAM takes a pairing phase after annealing to 375 K, although we did not observe evolution of spectral shape or intensities during the experiments. However, the temperature increment T in our experiment is ca. 2 percent of the simulation conditions.
Assuming quasi-thermal equilibrium, [28, 29] the increase of gauche-defect population in our experiment conditions should be ca. 5 percent of the simulation along the terminal dihedral angle, the coordinate of smallest-energy defect, according to the calculated potential energy surface of an isomerized ODT molecule among the all-trans monolayer (ca. 14 kJ/mol). [24] One of explanations that hot electron excitation accounts for the dominant part of heat transfer from gold surface to the monolayer, which is contrary to the conclusions of some literatures. [4, 18] Certain molecular degrees of freedom could have higher excess energy than that corresponding phonon temperature rise in gold surface until intermolecular energy relaxation completes, if the intermolecular thermal conductivity and direct coupling of the monolayer to gold hot electrons has a significant magnitude compared with the gold electronphonon coupling.
Another explanation is the rotational motion around terminal C-C bond (torsional angle , see Fig. 4(a), inset) , which has no intermolecular steric hindrance and significantly smaller activation energy, as well as moment of inertia, than those of the dihedral motions. [30] A thermal fluctuation of  disorientates the IR-induced polarizations exclusively of a mode and hinders its coherent interaction with vis pulse, since s and a transition dipoles are parallel and perpendicular to methyl symmetry axis, respectively. When  motion controls the total dephasing rate (fast limit), [31] the random distribution of  [9, 10, 24] eliminates all terms for the a amplitude: [32] ,s ∝ s ′ ′ ′ (〈cos 2 〉〈cos 〉 + 〈sin 2 〉〈cos 〉)
,as ∝ s ′ ′ ′ 〈sin cos cos 〉〈sin cos 〉 = 0.
Therefore, we consider the intermediate region, [15] in which the -induced dephasing rate competes with the vibrational dephasing rate, assuming the limit of impulsive probe pulses: . The way these equations take the rotational diffusion into account is the conditional probability density G( , | ) , when vis pulse arrives after the delay time from IR absorption. Now we assume the slow limit of , i.e.
G( , | ) ≈ ( − )G( , | )G( , | )
. The torsional dynamics of methyl groups or G( , | ) was well investigated via nuclear magnetic resonance (NMR) at low temperature, [33] while the shape of G( , | ) has no effects on our SFG signal. We evaluated the former by assuming that the torsional conformation of the methyl group takes only three minima on the potential energy surface, = , ± 2 3 ⁄ . The torsional motion is modeled as a Markov processes among the three minima, of identical rate coefficients whose temperature dependence were evaluated by Arrhenius formula (Site Jump model). [34] Arrhenius factor and activation energy for methyl groups are quoted from literature (0.17 ps inverse and 7.1 kJ/mol for thymidine, respectively). [35] A nearly 7% decrease in the a intensity in eq. (5) (i.e. ∝ | ,as | 2 ) amounted to an approximate 10 K increase in temperature in the Arrhenius formula (torsional temperature, Fig. 4(b) ). This evaluation is valid even if vis is not impulsive, as long as the vis pulse duration being negligible relative to the total dephasing time constants. This value agrees with the phonon temperature increment T, which indicates that surface phonons, instead of electrons, dominated the interface heat transfer. [4, 6, 18] The slower component of s intensity decrease was not observed previously, to best of our knowledge. This might indicate a higher sensitivity of the background-suppress method combined with our global fitting analysis. Since the results of the molecular dynamics simulation also indicated kinetics of both order parameters and temperatures well approximated by a single exponential function, this slower kinetics might represent a collective motion of monolayer molecules larger than the size of the simulation ensemble (75 molecules). The conformation change of a single monolayer molecule alters the potential energy surface for the conformations of the vicinity molecules, which shall cause the secondary thermalization process. On the other hand, we did not apply out curve fitting analyses to the early-stage kinetics. During -2 < t < 0 ps, for example, the a intensity (5±1 of 13±1 %) decreased more than the s mode (2.5±0.5 of 21±1 %) in the ratios to the initial intensities. This difference is not explained by the change in reflectivity or Fresnel coefficients on gold surface due to two temperature model, [2, 20] considering negligible refractive-index dispersion over the frequency range of ca. 90-cm -1 (2.7-THz). One of the explanations of this dynamics might be hot-electron heating of the monolayer, [36] as we discussed previously regarding to benzene-linker SAMs. [18] Electron transfers could modify the torsional potential barrier, enhancing  diffusions without excess energy in a sub-picosecond time scale. [3] In conclusion, the time correlation of the torsion angle  rather than the probability distribution along the zenith angle  characterized the intensity kinetics of methyl C-H asymmetric stretching mode a. We introduced a phase constraint (eq. 2) for the backgroundsuppressed SFG spectral function and described direction cosines for 2 in the case of (e)/(f)/(g) Lorentzian function corresponding to each resonant 2 term with the sign of amplitude An obtained from fitting to the first ((e)) and second ((f)) phase-constrained solutions for the back-ground suppressed spectrum as well as the standard spectrum ((g)),
respectively. These amplitudes have arbitrary absolute signs. (h) A standard SFG spectrum without background suppression (green solid) and eq. 1 (purple dashed). 
